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ABSTRACT 
Dimensionality and orientation of hexagonal boron nitride (h-BN) nanosheets are promising to create and control their unique properties for 
diverse applications. However, low-temperature deposition of vertically oriented h-BN nanosheets is a significant challenge. Here we report 
on the low-temperature plasma synthesis of maze-like h-BN nanowalls (BNNWs) from a mixture of triethylamine borane (TEAB) and ammonia 
at temperatures as low as 400 °C. The maze-like BNNWs contained vertically aligned stacks of h-BN nanosheets. Wavy h-BN nanowalls with 
randomly oriented nanocrystalline structure are also fabricated. Simple and effective control of morphological type of BNNWs by the deposition 
temperature is demonstrated. Despite the lower synthesis temperature, thermal stability and oxidation resistivity of the maze-like BNNWs are 
higher than for the wavy nanowalls. The structure and oxidation of the nanowalls was found to be the critical factor for their thermal stability and 
controlled luminescence properties. Cytotoxic study demonstrated significant antibacterial effect of both maze-like and wavy h-BN nanowalls 
against E. coli. The reported results reveal a significant potential of h-BN nanowalls for a broad range of applications from electronics to 
biomedicine. 
KEYWORDS 
boron nitride nanosheets, nanowalls, chemical vapor deposition, cytotoxicity, light emission, thermal stability 
 
1 Introduction 
Two-dimensional (2D) nanostructures have been at the forefront of 
materials science after the discovery of graphene [1] and other 
single-layered materials such as hexagonal boron nitride (h-BN) [2]. 
In particular, h-BN nanosheets are well-known for outstanding 
thermal conductivity and electronic properties [2], in addition  
to excellent mechanical strength [3], chemical inertness [4], and 
distinctive deep UV luminescence [5, 6]. These and many other 
properties make pristine and functionalized h-BN nanosheets 
highly-promising for diverse applications in biomedical, electronic, 
composite, environmental and sustainable energy-related fields 
[7–13]. Many of these applications rely on the structural and 
morphological properties determined by the dimensionality and 
orientation of the structures.  
However, the presently available options to control h-BN properties 
in applications by the dimensionality and orientation are much less 
explored and utilized as compared to similar carbon nanostructures, 
even though h-BN is an isostructural analog of carbon. Indeed, a 
very large number of publications report on graphene sheets with  
different orientations, from horizontal to normally oriented and 
mixed structures [14]. This morphological flexibility combined with 
graphitic structure, reactive edges and some other properties of 
oriented graphene sheets make them ideal for applications in 
electrochemical capacitors, electron emitting, environmental and 
bio-sensing devices [15–20]. 
In contrast, only a limited number of reports on the synthesis of 
vertically oriented h-BN nanosheets (h-BN nanowalls (BNNWs)) 
have been published so far [21–23], in part because of the complex 
precursors and synthesis procedures commonly requiring high 
temperatures. For example, BNNWs can be formed from BF3 + N2 + 
H2 or even more complex BCl3 + NH3 + N2 + H2 or B + MgO + FeO + 
NH3 reactive gas mixtures at process temperatures 800–1,300 °C 
[21–23]. Such high process temperatures make it impossible to 
produce h-BN nanowalls on thermal-sensitive substrates without 
transfer. The types of morphologies reported so far are mostly limited 
to a few basic configurations such as petal-like and wavy morphologies. 
However, the ordering of such structures over the surface is typically 
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less regular compared to carbon counterparts. Moreover, regular 
patterns of maze-like BNNWs with vertically oriented structure, so 
common for carbon nanowalls, have not been synthesized so far. 
The intrinsic difficulty on the way to reliable low-temperature 
synthesis of h-BN is to a large extent related to the high thermodynamic 
stability of the boron-containing precursors such as boron halides. 
One potential solution is to use organoboron compounds, such as 
borazine and amine-boranes, as chemical vapor deposition (CVD) 
precursors. However, low-temperature decomposition of organoborons 
suffers from large amorphous boron nitride and carbonitride deposits 
[24, 25] and requires additional low-temperature crystallization 
mechanisms. 
Here we use low-temperature thermally non-equilibrium plasma 
which helps simultaneously decompose precursors and crystallize 
the oriented and ordered structures at low temperatures. These 
features of plasma have been demonstrated for a large number of 
organic and inorganic materials [26, 27]. High rates of reforming  
of organoboron compounds make the plasma process much safer 
compared to thermal processing of boron halides which requires 
sophisticated safety procedures as well as corrosion-resistant reactors. 
However, high rates of precursor decomposition in plasma often lead 
to chaotically oriented BN nanosheets with a mixed amorphous and 
nanocrystalline structure, and the process temperatures still remain 
high (~ 700 °C) [28, 29]. 
Previous studies suggest that the use of various toxic precursors 
potentially limits the utility of h-BN nanosheets in biomedical products 
and devices. This issue is particularly critical for low-temperature 
processes where incomplete decomposition of such precursors may 
leave toxic residues in the nanosheets. This is one of the reasons of 
the many contradictory reports on biocompatibility and in particular, 
cytotoxicity of h-BN nanosheets and other BN structures such as 
nanotubes [8, 30]. Moreover, to the best of our knowledge, cytotoxicity 
of h-BN nanowall-like structures has not been investigated so far.  
This work fills the above knowledge gaps and reports on the low- 
temperature, plasma enabled synthesis of the previously unknown 
regular patterns of maze-like vertically oriented h-BN nanowalls 
from triethylamine borane (TEAB) and ammonia precursors at 
temperatures as low as 400 °C. Simple variation of the process 
temperature makes it possible to produce different morphological 
types of h-BN such as also relatively uncommon patterns of wavy 
structures. Systematic studies of structural, luminescent and cytotoxic 
properties of morphologically different h-BN nanostructures reveal 
a significant potential of our simple and robust approach for the 
production of diverse oriented h-BN nanostructures for a broad 
range of applications from electronics to biomedicine. 
2 Methods 
2.1 h-BN nanowalls synthesis 
The h-BN nanowalls were synthesized by plasma enhanced 
chemical vapor deposition (PECVD) from a gas mixture of TEAB 
((C2H5)3N∙BH3) and ammonia in ratio 1:1. More details on the 
synthesis facility can be find elsewhere [31]. Si(100) were used as 
substrates. The deposition was performed at the temperatures 
400–600 and 700 °C, with the plasma power at 20 W.  
2.2 Material characterization 
The elemental composition was determined by X-ray photoelectron 
spectroscopy (XPS; Thermo Fisher Scientific Escalab 250Xi). The 
sample surface was not previously treated by Ar+ ion bombardment. 
The transmission electron microscopy (TEM) observation and 
electron energy loss spectroscopy (EELS) measurements of the 
BNNWs were conducted by a JEM-2010 and a JEM-2010FEF 
equipped with a monochromator operated at 100 kV [32]. The 
energy-resolution of the EELS spectra was 80 meV–0.15 eV. The 
nanowalls morphology was studied using Zeiss Merlin scanning 
electronic microscope. The diffraction data were obtained with the 
Bruker D8 Discover high-resolution diffractometer in an asymmetric 
mode with the grazing angle ω = 2° using CuKα radiation (λ = 
0.154184 nm). The data were processed with the TOPAS 4.2 software. 
The cathodoluminescence spectra in the wavelength range from 
200 to 800 nm were obtained using the Zeiss Supra 40VP electron 
microscope equipped with the Gatan MonoCL3+ system for 
cathodoluminescence registration.  
2.3 Thermal annealing 
The visual thermal analysis was performed using the Carl-Zeiss 
AxioScope A1 optical microscope and the Linkam TS1500 stage 
within the temperature range from room temperature to 1,000 °С. 
The Netzsch STA 449 F3 Jupiter ASC Simultaneous Thermal 
Analyzer was used for thermal annealing of samples in the gaseous 
atmospheres of Ar (< 0.01% O2) and dry air at 1,100 °С during   
10 min. Heating at 10 °С/min was followed by cooling at 40 °С/min.  
2.4 Antibacterial test 
The cytotoxic activity of nanowalls was investigated by antibacterial 
drop-test against E. coli PQ37 strain (F. Quillardet, France) as 
Gram-negative model. Before each microbiological experiment, all 
the samples were sterilized with 70% ethanol and dried under UV. 
The E. coli overnight culture were cultured on a nutrient LB medium 
at 37 °C for 24 h. Then, 100 μL of the cultured bacteria was spread 
on a surface of test samples within an area of 1 cm × 1 cm. After 
incubation of the sample for 60 min at room temperature, the 
bacteria were washed from the surface of the sample with 3 mL of 
phosphate buffered saline (PBS) in the sterilized Petri dish and 
diluted 6-fold by PBS. Then, 100 μL of the bacterial suspension was 
spread on a LB agar plate and incubated at 37 °C for 24 h to count 
the surviving bacterial colonies. The total number of the cells forming 
unit was determined by area based estimation. Antimicrobial test 
was carried out independently three times with three repeats in the 
experiment for each sample. The result is presented as the mean 
value ± standard error of the mean. 
3 Results and discussion 
3.1 Morphological features 
Figure 1 shows scanning electron microscopy (SEM) images ((a)–(d)) 
and schematics ((e) and (f)) of the two morphological types of 
h-BN nanowalls grown for 120 min. The first type of nanowalls was 
deposited in the temperature range of 400–600 °C. This type of 
h-BNNWs was named “maze-like”. The surface and the cross-section 
SEM images (Figs. 1(a) and 1(c)) demonstrate the well-separated 
platelets with bending morphology positioned vertically with respect 
to the substrate surface. The length and thickness of the nanowalls 
were in the range of 50–250 and 10–25 nm, respectively. On the 
other hand, the synthesis temperature of the second type of BNNWs 
was 700 °C. They contained highly bent and crumpled platelets 
with the thickness in the range of 10–20 nm. This type of h-BN 
nanowalls was named “wavy”. The cross-section SEM image in  
Fig. 1(d) shows the principal differences between the maze-like and 
the wavy nanowalls. The platelets in the wavy nanowalls had chaotic 
orientation and could start growing at any point in the sample, 
whereas the nucleation points of the maze-like nanowalls were located 
at the substrate surface. In addition, only vertical channels were 
detected for the maze-like BNNWs, and only pores without specific 
direction—in wavy BNNWs. The synthesis temperature of 400 °C 
was much lower than that earlier reported for the fabrication of h-BN 
nanowalls by both chemical [21–23] and physical vapor deposition 
[33]. Moreover, synthesis of two morphological types of nanowalls 
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Figure 1 New plasma process produced two distinctive types of h-BN nanowall 
structures, imaged by SEM: (a) and (b) top view and (c) and (d) side view     
of maze-like and wavy h-BN nanowalls. (a) and (c) The maze-like BNNWs with 
regular morphology pattern and vertically oriented structure were synthesized 
at the minimal known temperature—400 °C. In contrast, (b) and (d) the wavy 
BNNWs have chaotically oriented structure. Schematics showing the difference 
between the stacking of (e) maze-like and (f) wavy h-BN nanowalls. The deposition 
temperature controlled switching of morphology makes it possible to vary the 
nanowall properties such as surface area and antibacterial activity.  
in one process has only been previously reported for carbon nanowalls, 
which changed their morphology depending on the deposition time 
[34] and inclination of substrate [35]. 
3.2 Bonding states and elemental composition 
In order to determine elemental compositions of h-BN nanowalls, 
XPS analyses were performed. The survey XPS spectra (Fig. S1 in the 
Electronic Supplementary Material (ESM)) showed the presence of 
carbon, oxygen and fluorine atoms on the surface in addition to the 
main elements—boron and nitrogen. The F1s photoemission peak 
corresponds to fluohydrocarbon impurity on the surface due to the 
use of PTFE packing, while O1s and C1s appear due to both surface 
contamination and doping defects possibly because of considerable 
reactivity between B and O or C atoms.  
The deconvoluted high-resolution C1s, B1s and N1s XPS spectra 
of the maze-like and wavy h-BN nanowalls (Fig. 2) displayed some 
levels of asymmetry and broadening which suggest the existence of 
more than one type of bonding scheme for the atoms [36]. The B1s 
spectra can be fitted by three curves with binding energy peaks at 
190.8, 191.8, and 189.5 eV. The main peak centered at 190.8 eV was 
attributed to the boron atoms surrounded by three nitrogen atoms 
as in the structure of h-BN [37]. The peaks centered at 191.8 and 
189.5 eV can be assigned to boron atoms simultaneously bonded 
with nitrogen and oxygen (N–B–O) [38] or carbon (N–B–C) [39], 
respectively. The density of carbon-containing bonds was higher in 
wavy nanowalls, possibly due to deeper decomposition of the 
precursor at high synthesis temperature.  
The C1s spectra in Fig. 2(b) were well-fitted by five curves. The 
main peak centered at 284.8 eV corresponded to the C–C bonding 
in graphite and an adsorbed hydrocarbon layer, indicating that 
some graphitic domains could exist in the nanowalls [40, 41]. In 
addition, D- and G-modes were observed in Raman spectra of 
h-BNNWs (see Fig. S2 in the ESM) confirming the incorporation 
of graphitic domains. The peaks at 286.9, 288.2 and 291.4 eV 
corresponded to C–N, C–O and C–F bonds, respectively, which 
were most likely concentrated in the adsorbed hydrocarbon layer 
[42–44]. The presence of such a layer on the film surfaces is a 
typical phenomenon that has been described by many authors, and 
a well-developed surface can significantly enhance it [45, 46]. The 
shoulder at 282.7 eV was attributed to C–B bonds indicating the 
doping of carbon atoms in nanowalls [47]. Thus, the presence of 
C–N and C–B bonding in BNNWs can also demonstrate possible 
existence of boundaries between the h-BN and graphitic regions. 
The N1s spectra in Fig. 2(c) can be fitted by two curves: The main 
one with the binding energy peak centered at 398.3 eV was attributed 
to the sp2 B–N bonding [37] and the other one centered at 399.6 eV 
referred to the C–N bonding [40].  
In addition to the binding energies, the energy difference between 
different XPS peaks is an important parameter. In the presented 
spectra the difference between B1s and N1s peaks was 207.6 ± 0.2 eV. 
This value is in a good agreement with the published data for 
hexagonal boron nitride [37]. Both the B1s and the N1s spectra 
signified that the sp2 B–N bonding (as in h-BN) is the main 
configuration for B and N atoms in the maze-like and wavy h-BN 
nanowalls. The XPS data also showed that two morphological types 
of nanowalls differed in the concentration of B–C bonds only. This 
factor can be critical for the understanding of the origin of the 
 
Figure 2 High-resolution (a) B1s, (b) C1s and (c) N1s XPS spectra of the maze-like and wavy h-BN nanowalls demonstrate the presence of carbon- and 
oxygen-containing bonds in addition to B–N bonding. The maze-like BNNWs contained more carbon atoms and exhibited a texture effect confirmed by XRD
analysis. (d) The XRD pattern of maze-like BNNWs contained only (001) peak. (e)–(h) EELS measurements were in agreement with XPS data. (e) Low-loss EEL 
spectra of BNNWs were similar to h-BN reference. Carbon-doped h-BN nanowalls demonstrated characteristic peaks in (f) B, (g) C and (h) N K-edge EEL spectra. 
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morphological difference. 
To further investigate the bond structure of the BNNWs, EELS 
measurements were performed. The low-loss EEL spectra of the 
maze-like and wavy h-BN nanowalls, and of a reference h-BN crystal 
are presented in Fig. 2(e). The spectra showed π- and π+σ-plasmons 
at about 7 and 25 eV, respectively. These peaks are typical for sp2 
hybrid system [48]. The low-loss EEL spectra of nanowalls also 
contained some shoulder structures (indicated by *), which were 
not observed in the spectrum of h-BN.  
Figures 2(f)–2(h) show the B, C and N K-edge EEL spectra of 
BNNWs. The spectra from reference h-BN and carbon samples are 
also included for comparison. The B K-edge spectra exhibited one 
intense and four weak sharp peaks in the π* region between 
190–196 eV and a broad structure in the σ* region between 
196–205 eV. The intense peak at 192.0 eV corresponded to the 
characteristic B 1s→π* transition (π* resonance) feature of h-BN, 
which is a specific fingerprint of sp2-hybridized B atoms in the 
hexagonal h-BN network, i.e., a trigonal B–(N)3 bonding environment 
in h-BN nanowalls [49, 50]. A relatively weak peak at 190.7 eV, 
marked as A, was attributed to B–C bonding. Low-intensity peaks at 
192.5 (B), 193.2 (C) and 193.5 eV (D) corresponded to the oxidized 
and/or carbonized defects in h-BN nanowalls [51]. The broad feature 
in the σ* region between 197 and 203 eV was commonly observed in 
both BNNWs and h-BN samples.  
Figure 2(g) compares the C K-edge EEL spectra of h-BN 
nanowalls with those of the reference graphite. The EEL spectra  
of nanowalls included three smooth peaks at 284.8 (A), 286.0 (B), 
and 287.0 (C) eV in the π* region. In case of maze-like nanowalls, 
additional sharp peak at 288.3 eV was also detected. In the σ* region 
(290–303 eV), a very broad feature between 294 and 303 eV was 
observed. The features A, B, and C were associated with the B–C 
and C–C bonds, respectively, indicating the presence of a very small 
amount of carbon domains with a graphite-like structure [50, 52]. 
The presence of the peak at 288.3 eV (labeled as D) was possible 
due to C–N bonding in the BNNWs structure [50, 52]. However, 
the peak D can also be classified as contamination signal corres-
ponding to the C–Hx bonding in hydrocarbons [53]. The feature 
between 294 and 303 eV corresponds to the transitions from the C 
1s to the σ* states and to the empty higher-energy states that have 
p-symmetry components projected onto the carbon sites. 
The N K-edge EEL spectra of h-BN nanowalls (Fig. 2(h)) 
contained three broad peaks and two shoulders. The spectra were 
similar to those of h-BN indicating the formation of an h-BN-like 
local structure in BNNWs. The features centered in the range    
of 400–403 eV, and the relatively broad features centered at 406– 
417 eV were attributable to π* and σ* resonances, respectively. The 
π* and σ* features were broader compared with that of h-BN crystal 
suggesting the presence of various bonding environments [54]. 
Drawing any conclusion on the bond formation is difficult because 
peaks that correspond to the N–B and N–C bonds occur very close 
to each other [50]. However, the π* resonance was almost identical 
to that of h-BN, which suggests the presence of NB3 units in the 
nanowalls. The broad features at about 409 and 416 eV may also be 
related to the C–N and C=N bonding [55, 56]. 
3.3 Structural features 
The X-ray diffraction (XRD) pattern of the wavy h-BN nanowalls 
(Fig. 2(d), blue line) contained two broadened XRD peaks with the 
maximum at 2θ = 25.9° and 42.5° corresponded to the (002) and 
(100) planes in the hexagonal boron nitride, respectively [57, 58]. 
On the other hand, the XRD pattern of the maze-like BNNWs (red 
line) demonstrated single sharp peak at 25.9° indicating preferential 
orientation of crystallites in contrast to the chaotic distribution in 
case of the wavy nanowalls.  
To investigate the structure and morphology in more detail, 
cross-sectional TEM images of both maze-like and wavy h-BN 
nanowalls were taken. The typical TEM image of the nanowalls   
in Fig. 3 demonstrates that the BNNWs were very thin and almost 
transparent to the electron beam. The selected area electron diffraction 
(SAED) patterns (Figs. 3(a) and 3(e)) exhibited three diffraction 




0 of the h-BN structure. 
Figures 3(a) and 3(e) also show the dark-field TEM images of the 
two morphological types of BNNWs. In agreement with XRD, the 
inhomogeneous intensity distribution along the 0002 ring in the 
SAED pattern and the dark-field TEM image of the maze-like 
nanowalls clearly indicate the preferential orientation of the h-BN 
crystallites perpendicularly to the substrate surface. The (002) 
planes were tilted by the angle of maximum 20° relative to the normal 
direction of the Si substrate. In case of wavy BNNWs, the SAED 
pattern demonstrated random orientation and smaller grain size.  
High-resolution TEM (HRTEM) images of the BNNWs/substrate 
interface (Figs. 3(b) and 3(f)) were similar for both morphological 
types. Amorphous interfacial layer was located between the nanowalls 
and the substrate. Aligned initially in parallel to the silicon substrate, 
the h-BN nanosheets have later bent and started vertical growth. 
The similar structure of interface has been reported for BNNWs 
fabricated by physical vapor deposition [59] and PECVD [60]. The 
HRTEM images of the middle of nanowalls in Figs. 3(c) and 3(g) 
 
Figure 3 Orientation difference of nano-crystallites is clearly seen on SAED patterns, bright- and dark-field TEM images of the (a) maze-like and (e) wavy h-BN
nanowalls. HRTEM images of (b) and (f) interface, (c) and (g) middle and (d) and (h) top of the maze-like and wavy h-BN nanowalls indicated the similarity of
crystalline structures. The difference between maze-like and wavy BNNWs is due to the different stacking of nano-crystallites. 
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show a highly ordered layered lattice. The average spacing between 
the adjacent fringes was measured to be 0.34 nm that is similar   
to the d002 interplanar distance in h-BN crystal. The thickness of 
the maze-like and wavy BNNWs was less than 15 and 10 nm, 
respectively. In addition, the wavy nanowalls were more bending 
and scrolling. Close to the nanowall edges, the thickness decreased 
gradually, and the cone-shaped structures were formed leaving 
many open layers on the surface (Figs. 3(d) and 3(h)). Those open 
layers are attractive for the applications in hydrogen storage, 
electron field emission, sensors, and catalyst supports due to their 
high reaction activity. Cone-shaped structure has been also 
demonstrated for the wavy h-BN nanowalls obtained by CVD from 
a mixture of BF3 + N2 + H2 [21]. Figures 1(e) and 1(f) illustrate the 
structure of the maze-like and wavy h-BN nanowalls, respectively.  
The h-BN nanowalls with different morphologies were reported 
to be produced by CVD from various boron-containing precursors 
such as BF3, BCl3, and B [21–23]. However, no one observed the 
growth of the maze-like BNNWs in these studies. In our work, the 
maze-like nanowalls were deposited by CVD at the lowest temperature 
of 400 °С. In addition, two morphological types of h-BN nanowalls 
were firstly fabricated by one synthesis technique. We found    
the deposition temperature is critical parameter of morphology 
transformation. Our previous studies demonstrate that the h-BN 
nanowalls obtained by PECVD from borazine were structurally 
similar to the wavy nanowalls but they had the morphology of 
“maze-like” type [28, 61]. We consider that the low-temperature 
highly oriented growth of the BNNWs demonstrated in the present 
study was possible mainly due to the particular chemical properties 
of the gas system containing organoboron compound and ammonia 
during PECVD process. It is possible that the carbon atoms contained 
in precursor molecule were critical for this process. 
In summary, the h-BN nanowalls can be divided into different 
morphological (maze-like and wavy) and structural types (vertically- 
and randomly-oriented). The “vertically-oriented” h-BN nanowalls 
should contain vertically-oriented stacks of h-BN nanosheets whereas 
the “randomly-oriented” nanowalls should contain nanocrystallites 
without specific orientation. Therefore, the h-BN nanowalls obtained 
in this study in the range of 400–600 °С were vertically-oriented 
maze-like BNNWs but randomly-oriented wavy nanowalls could 
be formed at 700 °С.  
3.4 Growth mechanism 
Analysis of our experimental data provides an insight into the h-BN 
nanowall formation leading to a plausible growth mechanism   
(Fig. 4), which involves several growth stages and helps explain the 
observed distinctive morphology types at different synthesis tem-
peratures. The growth mechanism is based on aggregated experimental 
data on h-BN nanowall formation [21, 23, 59] and involves relevant 
ideas adopted from the growth of carbon nanowalls [62–65]. 
Usually, during the initial step, a 3–5 nm thick amorphous 
interfacial layer is formed on the substrate surface (Fig. 4(a)). 
According to HRTEM and secondary ion mass spectrometry results, 
the buffer layer is composed of amorphous boron nitride with silicon 
and oxygen atomic impurities possibly due to a native SiOx layer 
formed after chemical treatment [28]. However, the formation of 
the amorphous layer is not an indispensable prerequisite for vertical 
h-BN nanosheets growth. For instance, h-BN nanowalls without 
the interfacial layer have been formed on GaAs(100) [61] and 
diamond [66]. Then, regions of planar h-BN nanosheets begin to 
nucleate, as seen in Fig. 4(b). During the second stage, the growth 
direction changes from parallel to normal (with respect to the 
substrate) when the growing edges curl upward to release the stress 
that accumulates when the planar boron nitride domains collide and 
press upon one another (Fig. 4(c)). The nucleation is likely to be the 
key mechanism to control the h-BN nanowall morphology. The 
results of SEM measurements clearly demonstrate the differences in 
nuclei shape and size of maze-lake and wavy h-BN nanowalls (see 
Fig. S3 in the ESM). Fewer nuclei of planar h-BN layers per unit area 
lead to the wide front of h-BN nanosheets colliding with each other. 
As a result, elongated nuclei of maze-like nanowalls emerge. On the 
other hand, spherical particles are formed when larger nuclei of 
planar h-BN layers are present per unit area in the case of wavy 
nanowalls. In the last step, dissociation of species in the plasma 
continuously provides the radicals, ions, and neutrals to the 
vertically growing hexagonal lattice (Fig. 4(d)).  
The reaction kinetics controlled by the synthesis temperature 
strongly affects the shape of h-BN nanowalls. The strong bending  
of wavy nanowalls is likely caused by the increase of precursor 
decomposition rate at the higher deposition temperature. Con-
sequently, new h-BN islands nucleate on nanowall lateral surfaces 
(basal planes) leading to nanowall bending, as sketched in Fig. 4(e). 
3.5 Thermal stability 
The visual thermal analysis showed heating in dry air from room 
temperature to 1,000 °С resulted in the cracking of both maze-like 
and wavy BNNWs, and partial destruction, which started at 600 °С 
and finished with evaporation at 800 °С. Thermogravimetric analysis 
of this material is challenging due to a very low weight of BNNWs, 
but XPS and SEM measurements can provide detailed information 
on the nanowall oxidation. Figures 5(a) and 5(b) shows SEM images 
before and after annealing in argon atmosphere (< 0.01% O2) at the 
temperature up to 1,100 °С. The maze-like h-BN nanowalls kept 
initial morphology after the annealing. In case of the wavy nanowalls, 
the heat treatment resulted in partial destruction with the preservation 
of the initial basic morphological features.  
The survey XPS spectra showed the presence of boron, nitrogen, 
 
Figure 4 (a)–(d) Schematic of h-BN nanowall growth mechanism and (e) formation mechanism of branched and bent nanowalls. 
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carbon, oxygen and fluorine atoms in annealed h-BN nanowalls 
(Fig. S4 in the ESM). F1s photoemission peak corresponds to the 
surface impurity as described above. Concentration of oxygen atoms  
increased after annealing due to partial oxidation of the BNNWs 
(Table 1). Despite very low O2 concentration in Ar (< 0.01%), the 
oxygen reacted with h-BN to form the thermodynamically stable 
B–O bonds. Moreover, the B/N ratio also increased that most 
probably was caused by the partial changing in the surrounding of 
the boron atoms. 
Figure 5 demonstrates high-resolution C1s, B1s and N1s XPS 
spectra of BNNWs before and after heat treatment. Similar to the 
initial samples, the B1s XPS spectra can be fitted by three curves. 
However, the intensity of the component at 191.8 eV was significantly 
increased by 23% and 30% for the maze-like and wavy nanowalls, 
respectively. This peak corresponds to N–B–O bonding and indicates 
oxidation of nanowalls during annealing [38, 67]. The concentration 
of B–C bonds decreased for wavy nanowalls, possibly due to the 
deeper oxidation and reaction between carbon and oxygen atoms. 
The high-resolution C1s XPS spectra demonstrated lower intensity 
of all peaks, except for the component at 284.8 eV. This can be 
attributed to the removal of surface contaminations during annealing. 
Additional peak at 398.8 eV in the N1s XPS spectra of the annealed 
samples corresponds to the change in the spatial arrangement of 
boron and nitrogen atoms due to oxidation [39]. The more intense 
peaks at 398.8 eV in the N1s spectrum and at 191.8 eV in the B1s  
Table 1 Elemental composition of BNNWs before and after annealing 
Concentration (at.%) 
Sample 
B N C O 
B/N 
Initial 40.6 38.4 15.8 5.2 1.06 Maze-like 
Annealed 45.8 35.9 9.3 9.0 1.27 
Initial 42.7 38.8 15.0 3.5 1.10 Wavy 
Annealed 45.0 36.8 11.8 6.4 1.22 
 
spectrum indicate lower oxidation resistivity of the wavy h-BN 
nanowalls. 
In summary, the highly oriented maze-like h-BN nanowalls possess 
higher thermal stability in comparison with the randomly oriented 
wavy nanowalls, although the deposition temperature of the maze-like 
BNNWs was lower. This difference can likely be related to many 
defects originated on the bends and edges of nanowalls. In our 
previous study, we showed that the randomly oriented maze-like 
h-BN nanowalls synthesized from borazine at 700 °С demonstrated 
higher thermal stability in comparison with nanowalls obtained at 
lower temperature [67]. Therefore, the structure of nanowalls is a 
critical factor for thermal stability and oxidation resistivity.  
Present results suggest that the annealing-induced oxidation of 
BNNWs proceeded in the way described in our previous study [67]. 
The adsorption of O2 is followed by a reaction with nitrogen and 
boron atoms resulting in the oxygen atoms embedment into the 
h-BN structure with the B–O bonds formation. Formation of an 
oxidized BN sheet on a low-defected surface of nanowalls can also 
protect maze-like BNNWs from further reaction with oxygen 
atoms. 
3.6 Luminescence properties 
The changes in optical properties of the h-BN nanowalls were studied 
using the cathodoluminescence (CL) spectroscopy. Figures 6(a) and 
6(b) show the room-temperature CL spectra of the samples before 
and after annealing which demonstrated strong luminescence 
radiation in the blue-green region. The CL spectra of the maze-like 
and wavy BNNWs exhibited broad emission band centered at 470 
and 540 nm, respectively. Such observations have been attributed to 
the superimposed effects of deep defect emission and donor–acceptor 
pair recombination as possibly induced by the presence of carbon 
and oxygen dopants [68, 69]. In addition, the shift of the luminescence 
peak of the wavy nanowalls into the higher wavelength region can  
be related to the presence of the sp3-structure and size confinement 
 
Figure 5 (a) and (b) SEM images demonstrate no changes of the maze-like BNNWs after annealing in inert atmosphere. Insignificant damage of the wavy BNNWs
shown on SEM images (f) before and (g) after annealing in inert atmosphere. Oxidation induced the increasing of oxygen-containing peaks were detected in 
high-resolution B1s, C1s and N1s XPS spectra of the (c)–(e) maze-like and (h)–(j) wavy h-BN nanowalls after annealing. 
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Figure 6 CL spectra of (a) maze-like and (b) wavy BNNWs before and after 
annealing. Increasing of CL intensity after annealing resulted from the oxygen 
doping. Cytotoxicity studies reveal potential for BNNWs biomedical applications. 
(c) Cytotoxicity study showed that h-BN nanowalls demonstrated strong 
antibacterial effect. (d) Direct contact between nanowalls and bacteria is key for 
understanding the cytotoxic mechanism. Too low distance between nanowalls 
can decrease the damage of bacteria cell and cytotoxicity. 
[70]. The embedment of additional oxygen atoms in BNNWs 
resulted in rising of luminescence intensity. However, broadening of 
wavy nanowalls after heat treatment can negatively affect luminescence. 
On the other hand, preservation of the initial morphology of the 
maze-like BNNWs allowed more than 10 times intensification of 
light emission. Thus, the structural features and the changes in the 
morphology under oxidation can control and enhance luminescence 
properties of BNNWs. 
3.7 Antibacterial activity 
The cytoxicity study of h-BN nanosheets with vertical and random 
orientation were realized for the first time. We used E. coli PQ37 
strain as models for Gram-negative bacteria. The Si(100) substrate 
and the bottom of Petri plate with the area of 10 mm ×10 mm were 
used as the control and the negative control samples, respectively. 
Bactericidal activity of the h-BN nanowalls against E. coli bacteria is 
presented in Fig. 6(c). For the control sample, no considerable 
antibacterial activity was observed in our experimental conditions. 
However, the BNNWs exhibited considerable antibacterial activities. 
In fact, after 1 h, 57.4% ± 9.1% and 51.7% ± 8.2% of the bacteria 
could survive on the surface of the maze-like and of the wavy h-BN 
nanowalls, respectively.  
Over the past few years, many articles on the biocompatibility of 
h-BN materials have been published. Most important research has 
highlighted no adverse effects following h-BN nanotubes and 
nanoparticles administration to several cell lines [30, 71, 72]. Moreover, 
good results in terms of in vivo toxicological investigation have 
been recently pointed out [73]. However, a comprehensive study by 
Horvàth et al. displayed a relevant toxicity of h-BN nanotubes tested 
on several cell lines. The nanoparticle aspect ratio is considered to 
play a key role in the biocompatibility evaluation [30].  
Biocompatibility of carbon nanowalls (structural analogue of 
BNNWs) was also studied by Ion et.al. [74]. The results demonstrated 
that osteoblasts adhere and remain long term viable on carbon 
nanowalls. Moreover, the investigated scaffold cell proliferation 
was significantly promoted. On the other hand, Akhavan et.al. have 
reported significant cytotoxic effect of the graphene oxide and 
reduced graphene oxide nanowalls against both Gram-positive and 
Gram-negative models of bacteria [75]. Only 41% ± 8% and 16% ± 
3% of the bacteria could survive on the surface of the graphene 
oxide and reduced graphene oxide nanowalls after 1 h, respectively.  
It was found that the damage of bacteria cell membrane caused by 
direct contact with extremely sharp edges of the nanowalls was the 
effective mechanism in the bacterial inactivation. Moreover, the 
reduced graphene oxide nanowalls were more toxic due to the better 
charge transfer between the bacteria and the more sharpened edges 
of the reduced nanowalls during the contact interaction. 
We suggest that the cytotoxicity of h-BN nanowalls can also be 
attributed to the interaction between the sharp edges of the nanowalls 
with the cell membrane of the bacteria. A lower toxic effect of the 
maze-like nanowalls can be explained by a higher density of nanowall 
distribution resulting in decreased damage due to the distribution 
of mass on many support points like a yogi lying on the bed of nails. 
Schematic image of the effect is presented in Fig. 6(d). However, 
cytotoxicity against other bacteria and cells, as also mechanism of 
antibacterial effect require further studies. 
4 Concliusions 
We performed a study of structural features, cytotoxicity, thermal 
stability and luminescence of two morphological types of h-BN 
nanowalls. The first type—the maze-like nanowalls—was synthesized 
in the temperature range of 400–600 °C. The temperature of 400 °C 
is the lowest CVD synthesis temperature for all types of h-BN 
nanowalls. The deposition temperature of the second type—the 
wavy nanowalls—was 700 °C. The maze-like BNNWs contained 
vertically aligned stacks of h-BN nanosheets of less 15 nm in thickness, 
whereas the wavy nanowalls strongly deformed randomly oriented 
h-BN nanocrystallites. Morphological type of BNNWs was 
successfully controlled by the deposition temperature. XPS and 
EELS measurements showed that h-BN lattice of nanowalls can 
contain the graphene domains. Despite lower synthesis temperature, 
thermal stability and oxidation resistivity of the maze-like BNNWs 
were higher in comparison with the wavy nanowalls. Annealing in 
argon atmosphere with low amount of O2 resulted in a replacement 
of nitrogen atoms in the initial h-BN lattice by oxygen atoms. 
Oxygen-doped h-BN nanowalls demonstrated enhanced luminescent 
properties in the blue-green region. The oxygen-doped maze-like 
BNNWs exhibited stronger increase in the emission intensity. 
Therefore, the structure of nanowalls was found to be the critical 
factor for their stability and emitting properties. Significant 
cytotoxicity of both maze-like and wavy h-BN nanowalls against  
E. coli was demonstrated for the first time. The antibacterial effect 
may be related to the damage of cell membrane by direct contact  
of bacteria with the very sharp edges of the nanowalls and requires 
further studies. The present study opens new insights on structural 
and morphological features of h-BN nanowalls and demonstrates the 
potential application of BNNWs in biomedicine and nanoelectronics. 
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